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ABSTRACT 
Long-term organotypic cultures of rat dorsal root ganglia were cxposed  to a  single 40 kR 
dose  of  184  kvp  X-rays and  studied in the  living and  fixed  states  by light or  electron 
microscopy at  1-14 day intervals thereafter.  Within the first 4  days following irradiation, 
over 30% of the neurons display chromatolytic reactions (cccentrlc nuclci, peripheral dis- 
persal of Nissl substance, central granular zone) as well as abnormal nuclcolar changes and 
dissociation of ribosomes from endoplasmic reticulum cisternae. Some satellite cells undergo 
retraction or acute degeneration, leaving only basement membrane to cover the neuron in 
these  areas.  8 days after irradiation, neurons also exhibit (a)  arcas in which ribosomes are 
substantially  reduced, (b) regions of cytoplasmic sequestration, (c) extensive vacuolization of 
granular endoplasmic rcticulum and Golgi complex, and (d) diversely altered mitochondria 
(including the presencc of ribosome-like particles or association with abnormal glycogen and 
lipid deposits).  Nucleolar components become altered or reoriented and may form abnormal 
projections and ringlike configurations. Sizeable areas of the neuronal soma are now de- 
nuded of satellite cells;  underlying these  areas,  nerve processes  arc found abnormally in- 
vaginated into the neuronal cytoplasm. By the 14th day following irradiation, most neurons 
display markcd  degenerative changes including extensive regions of ribosome  depletion, 
sequestration, vacuolization, autolysis, and, in some areas,  swirls of filaments, myelin figures, 
and heterogeneous dense bodies. These observations demonstrate that X-irradiation pro- 
duces profound cytopathological changes in nervous tissue isolated from the host and that 
many of these changes resemble the effects of radiation on nervous tissue in vivo. 
INTRODUCTION 
In  sensory  ganglion  neurons irradiated  in  vivo 
and  studied  with  the  light  microscope,  ionizing 
radiations have been observed to produce chroma- 
tolytic  reactions,  cytoplasmic  vacuolization,  nu- 
clear  eccentricity  and  deformation,  aberrant 
nucleolar configurations and,  under appropriate 
conditions,  general  cellular  degeneration  or 
necrosis (1-3).  Relatively little mention has been 
made of cytological changes in the closely related 
satellite  and  Schwann  cells  following  radiation 
exposure (1,  2).  The only studies concerned with 
ultrastructural  changes  in  dorsal  root  ganglion 
467 neurons  and  associated  supporting  cells  after 
irradiation  (proton)  in  vivo  were  reported  by 
Andres in  1963  (4-6).  He found that the neuronal 
chromatolytic  reaction  commonly  noted  in  the 
light  microscope  was  represented  at  the  electron 
microscopic  level  by  eccentric  nuclei,  peripheral 
displacement  and  dissociation  of  Nissl  body 
components  (ribosomes  and  endoplasmic  reticu- 
lum  cisternae),  apparent  hypertrophy  of  neuro- 
filaments,  and  aggregation  of  mitochondria  and 
other  cytoplasmic  organelles  in  the  perinuclear 
region (6).  In contradistinction to their reaction in 
retrograde chromatolysis (7),  satellite cells did not 
proliferate  in  response  to  neuronal  injury  but 
instead  degenerated,  leaving  large  areas  of  the 
neuronal surface devoid of a cytoplasmic covering. 
Additional neuronal changes included dilatation of 
granular  endoplasmic  reticulum  and  Golgi  cis- 
ternae  presumably  giving  rise  to  some  of  the 
vacuoles  observed  at  the  light  microscopic  level. 
Mitochondria and other cell organelles underwent 
degenerative  changes  which  had  not  been  noted 
in the light microscope. The profound changes de- 
scribed  in  nuclear  and  nucleolar  fine  structure 
were interpreted  as  reflecting radiation  lesions in 
the  DNA  and  RNA-protein  synthetic  and  regu- 
latory systems of the cell. Andres was unable, how- 
ever,  to  differentiate  between  primary  radiation 
effects  on  neural  elements  and  changes  which 
might  have  been  produced  by  radiation-induced 
inflammatory  and  vascular  reactions. 
Indeed,  from  the  time of the earliest  studies  of 
cytological effects of ionizing radiation on nervous 
tissue,  investigators  have  pondered  whether  the 
degenerative  changes  observed  were  principally 
the result of direct radiation  injury  I  to the neural 
elements  themselves,  or  were  secondary  mani- 
festations  of  initial  radiation  damage  to  the 
associated  vascular  supply  and  other  host- 
associated  reactions  (reviewed  in  8).  Various 
attempts  have been made  to answer  this question 
in  the  peripheral  nervous  system  by  employing 
cultures  of  spinal  ganglia  (9,  10).  These  earlier 
efforts demonstrated that neurons and their proces- 
ses were more radioresistant  than  other cell types 
X Direct  cellular  effects  of  ionizing  radiation  are 
traditionally considered in this context to mean those 
occurring within the confines of the cell per se and 
entirely unrelated  to  indirect  (or  abscopal)  systemic, 
vascular,  inflammatory,  or  humoral  effects  evoked 
by  radiation  exposure  in  the  host  beyond  the  en- 
virons of the cell(s) in question. 
present in the cultures (i.e., satellite cells, Schwann 
cells,  fibroblasts,  etc.).  More  recently,  phase 
contrast  time-lapse  cinematographic  studies  (11) 
have been carried out on cultured rat  dorsal  root 
ganglia explanted from newborn rats and exposed 
to  Co  ~°  3~-rays  (7,200-20,500  R)  within  14  days 
in vitro. This study revealed a  significant reduction 
in neuronal cytoplasmic and nuclear volume with 
time,  as  well as peripheral  displacement  and  im- 
paired  rotation  of  nuclei.  Abnormal  structuring 
and  vacuolization  were  also  noted  in  the  cyto- 
plasmic  regions  of  certain  neurons.  Thus,  a 
"direct"  effect of radiation  on neurons  was firmly 
established at the light microscopic level. 
Certain  nerve  tissue  culture  techniques  allow 
the  preparation  of  long-term  well  myelinated 
cultures  which  contain  all  the  usual  components 
(except  vascular)  of  the  dorsal  root  ganglion 
community  in  vivo,  i.e.,  satellite  ceils,  Schwann 
cells and connective tissue elements as well as the 
neurons  (12).  These  cultures  provide  a  more 
faithful  in  vitro  model  of  peripheral  nervous 
tissue than those employed in previous studies (10, 
11).  They  may  be  irradiated  under  conditions 
admirably  suited  for  careful  environmental  and 
dosimetric control. In the present paper, a correla- 
tive  light  and  electron  microscopic  analysis  is 
presented  of the  temporal  sequence  of structural 
changes  produced  by acute radiation  exposure in 
neurons  and  their  satellite cells.  The  third  paper 
(13)  in  this  series  deals  with  radiation  effects  in 
the  nerve  fascicles  both  within  the  explant  and 
radiating  from  the  central  neuronal  zone. 
MATERIALS  AND  METHODS 
A  description of the techniques utilized in culturing 
the  dorsal  root  ganglia employed  in this  study,  to- 
gether  with  the  fixation,  embedding,  sectioning, 
staining  and  microscopic  protocols,  are  given  in 
references  12  and  14.  All cultures  employed  in  the 
present study were considered fully differentiated by 
criteria  discussed  in  reference  12.  The  explants, 
taken  from  18-20-day  rat  fetuses,  were  irradiated 
after 8-12 wk in vitro. Immediately prior to irradia- 
tion, the cultures were washed three times and covered 
with balanced salt solution (pH 7.2-7.8).  Irradiation 
was  carried  out  in  60  X  15  mm plastic  chambers 
between  two  parallel,  self-rectifying  X-ray  tubes 
with  184  kvp  X-rays  (30  ma.;  107  volts;  TSD  = 
15em; 0.28  mm  Cu  -I-  0.5  mm Alfiltration;  HVL 
=  0.6  mm  Cu)  at  a  dose  rate  of  1  kR/min  as 
measured  by  a  Victoreen  R-meter.  Total  deliv- 
ered  doses  of 5,  20,  and  40  kR  were  employed  in 
this  study;  only  material  from cultures which  had 
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in  the  next  section.  Following  irradiation,  the  cul- 
tures  were  again  washed  three  times with  balanced 
salt solution, fed fresh culture medium, and  returned 
to  the  Maximow  assemblies.  Control  cultures  were 
similarly treated,  but  not  irradiated.  In this  paper, 
we  present  data  from  over  two  dozen  ganglia, 
examined  daily  by light  microscopy and  at  1, 4,  8, 
and  14 days in the electron microscope. 
OBSERVATIONS 
Shortly after X-irradiation,  severe cellular damage 
occurs  in  many  satellite cells and  Schwann  cells. 
Neurons,  on  the  other  hand,  display  relatively 
limited  changes  during  the  early  period.  With 
time,  the  neurons  develop  a  variety  of  severe 
nuclear  and  cytoplasmic  degenerative alterations. 
Nuclear  eccentricity  is  common.  Cytoplasmic 
changes  include  loss  of ribosomes,  vacuolization, 
regional  cytoplasmic  sequestration  with  autol- 
ysis,  formation  of  heterogeneous  inclusions,  as 
well  as  significant  changes  in  the  mitochondria, 
granular  endoplasmic  reticulum,  and  Golgi 
complex.  Such  alterations  are  quite  reproducible 
and  appear  with predictable regularity at a  given 
time following a  40  kR  dose  of X-irradiation.  At 
20  kR,  similar  changes  occur  but  take  longer  to 
appear.  At a  5 kR dose,  alterations occur over an 
even longer time period  and  may  be  transient  in 
nature.  Considering  these  differences in  response, 
only those cultures receiving 40 kR were studied in 
detail  and  form  the  basis  for  this  exposition  of 
radiation  cytopathology. 
1  Day  after  Irradiation 
When  observed  by  light microscopy in  the  living 
state,  one of the first morphological changes is the 
apparent  onset  of  a  chromatolytic  reaction  in 
about  30%  of the neurons  (Fig.  1).  Nuclei within 
such  cells assume  positions  of varying eccentricity 
and  may  appear  distorted  (Fig.  2).  Nucleoli 
begin  to  display  pseudopod-like  projections  and 
become  generally  heterogeneous  in  density.  In 
some  of the  neurons  with  eccentric  nuclei,  pcri- 
nuclear  aggregation  of  cytoplasmic  constituents 
occurs along with the development of clear periph- 
eral zones (Fig.  1). 
In the electron microscope, one observes that,  at this 
early  interval,  the  prominent  feature  of  nuclear 
eccentricity is generally  not  accompanied  by  the 
cytoplasmic  changes  which  characterize  chroma- 
tolysis  (vide  infra).  Membrane-enclosed  structures 
may be seen within the cytoplasm of some neurons. 
These  structures  probably  represent  abnormally 
internalized  neurites  for,  in  some  neurons,  they 
lie deep  in  the cytoplasm  within  a  "mesaxon"  of 
neuronal  plasmalemma.  This  remarkable  process 
of  neurite  internalization  becomes  more  promi- 
nent with time and  will be described in the 8-day 
section.  Other  membrane-enclosed  cytoplasmic 
configurations may be areas of beginning sequestra- 
tion  which  is  to  become  more  prominent  subse- 
quently  (see  Fig.  5).  Mitochondria  are  generally 
normal in size, shape,  and internal structuring.  In 
most  cells  the  cisternae  of granular  endoplasmic 
reticulum  are  typical,  although  some  elements 
appear to be swollen in a few neurons. As in control 
cultures,  polysomal  aggregates  usually  consist  of 
three  to eight ribosomes.  The Golgi complex and 
related  vesicular and  lysosome-like bodies  appear 
fairly normal  in  structure  and  number  as do sub- 
surface  cisternae.  In  some  instances,  small  de- 
posits of glycogen and lipid droplets may be found 
in  the neuronal  perikaryon  but  at  this  stage  such 
deposits are within normal limits (12). 
The most striking change at this earliest interval 
is in the satellite cells. As shown in Fig. 2, many of 
FIGURE 1  This photomicrograph  of a living culture 1 
day after irradiation illustrates a chromatolytic neuron 
(n)  with  an  eccentric  nucleus  and  adjacent  granular 
cytoplasmic region (arrow). Other neurons also display 
an  intensified  cytoplasmic  granularity  and  varying 
degrees of nuclear eccentricity.  )<  650. 
E.  B.  M~SUROVSKV, M.  B.  BUNGE, AND R.  P.  BUNa~  Radiation Effects on Ganglion Cultures.  I  469 FIGURE ~  This  photomicrograph  of  a  1 /z  cross-section  of  an  Epon-embedded  culture  includes  tile 
entire thickness of an explant 1 day after irradiation; the top of the culture is at t and the bottom at b. 
Note the acute damage of the satellite cells (black arrows)  in contrast to the relatively normal-appearlng 
neurons. One neuron  (n)  has a  highly eccentric nucleus protruding  at the cell surface and displaying a 
distorted contour facing the center of the cell. Pyknotic and vacuolar degeneration (white arrows) is also 
occurring in Schwann cells related to unmyelinated fibers  (see reference 13).  ;K 600. 
these cells appear to have rounded up and become 
necrotic.  This is an  equally striking finding at the 
electron  microscopic  level  where  one  finds  large 
foci of perineuronal degeneration (Fig. 3).  In these 
regions, the satellite cell is often replaced by an ac- 
cumulation  of nuclear  and cytoplasmic debris still 
contained  within  the  overlying  basement  mem- 
brane.  This  basement  membrane  persists,  despite 
satellite cell loss, becoming directly applied to the 
neuronal  plasma  membrane  in  those  areas.  Simi- 
larly,  in  the  fascicles of these  irradiated  cultures, 
basement  membrane  is  preserved  after  the  de- 
generation  of  Schwann  cells  investing  unmyeli- 
nated  axons  (13).  Such  early  severe  damage  of 
satellite  cells  following  proton-irradiation  of 
similar  tissue  in  vivo  was  not  emphasized  by 
Andres (4,  6). 
4 Days after Irradiation 
In the light microscope, about 50 %  of the neurons 
display  eccentric nuclei.  Some  of  these  exhibit  a 
more  fully  developed  chromatolytic  state,  i.e., 
perinuclear granularity is increased and large pale 
regions  are  conspicuous  in  the  peripheral  cyto- 
plasm.  Highly eccentric  nuclei  assume  an  irregu- 
lar, flattened aspect on the side facing the granular 
central  region.  Nucleoli  continue  to  exhibit  ab- 
normal  irregular  projections.  Smaller bodies may 
be  observed  in  the  nucleoplasm.  Certain  neurons 
contain  regions  in  which  areas  of cytoplasm  ap- 
pear  sequestered,  or  walled-off,  from  the  rest  of 
the  somal  contents  (arrow,  Fig.  4).  At this  stage, 
some neurons  become occupied by large  single or 
multiple vacuoles which  appear  to  be  a  terminal 
form of degeneration for such cells (illustrated  be- 
low).  Except for these few highly vacnolated cells, 
actual  neuronal  loss is minimal  at  this  stage. 
Electron microscopic  observations of neurons reveal 
a  variety  of abnormal  nucleolus-associated  struc- 
tures  as  well  as  cytoplasmic  alterations  (Fig.  5), 
Additional  nucleolar  abnormalities,  also  encoun- 
tered in later postirradiation periods, are described 
below.  The  relatively large  area  occupied  by  the 
nucleus  in  relation  to  the  surrounding  cytoplasm 
may be fortuitous in the neuron  depicted  (Fig. 5), 
but it could also be a  reflection of the cytoplasmic 
sequestration  and autolysis seen in the living state. 
Possible  indications  of  such  a  condition  may  be 
noted  in  a  few  areas  within  the  perikaryon  in 
which  small  sections  of  cytoplasm  appear  to  be 
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narrow  stalks  (Fig.  5).  Mitochondria  continue  to 
appear  fairly normal  in  size and  shape  except in 
severely  chromatolytic  or  degenerating  neurons 
(see below). Endoplasmic reticulum cisternae often 
exhibit  moderate  swelling  (Fig.  5),  sometimes 
with  attendant  ribosomal  detachment.  The  num- 
ber of ribosomes per polysome decreases in some of 
these  neurons.  The  Golgi complex may  also  take 
on  a  more  vesiculated  appearance  at  this  stage, 
with some elements becoming abnormally dilated 
vacuoles. 
Some  regions  along  the  plasmalemma  of  the 
neuron  depicted  in  Fig.  5  are  devoid  of satellite 
cell  covering,  and  the  remaining  satellite  cell 
processes  appear  to  contain  a  rather  sparse 
amount  of cytoplasm.  A  corresponding  wave  of 
acute  degeneration  is  evident  in  Schwann  ceils 
investing  unmyelinated  axons  in  the  nerve  fiber 
bundles  at  this  same  early  postirradiation  period 
(13). 
8  Days  after Irradiation 
Observations  of  living  cultures  in  the  light 
microscope 8  days following irradiation reveal vary- 
ing  degrees  of chromatolysis  and/or  nuclear  ec- 
FmURE $  An electron micrograph of a culture 1 day after irradiation. Note the extensive satellite cell 
degeneration  as  contrasted  to  the  adjacent  normal-appearing  neuronal  cytoplasm.  The  satellite cell- 
neuron boundary  (arrows)  clearly demarcates the cytoplasmic remnants and large vacuoles of the satel- 
lite cell from the neuronal cytoplasm. The basement membrane persists around the degenerating satellite 
cell.  X  14,000. 
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pear  enlarged  and,  in  some cases,  kidney-shaped. 
Nucleoli  exhibit  a  variety  of pathological  forms, 
including  distorted  or  doughnut-like  configura- 
tions;  signet  ring  extranucleolar  bodies  may  ap- 
pear  in  relation  to  such  abnormal  nucleoli  (Fig. 
6).  Some neurons are filled with coarse granules of 
various densities and  sizes (Fig.  7).  Such a  neuron 
is  usually  considered  to  be  undergoing  terminal 
degeneration. It is interesting to note that, whereas 
many  mononucleated  neurons  are  noticeably 
altered  by  this  stage,  binucleated  neurons  con- 
sistently  remain  relatively normal  in  appearance 
(Fig.  8).  Perhaps  the  extra  nucleus  provides  the 
additional  regulatory  and  synthetic  capacity 
needed  to  repair  or replace  the cellular constitu- 
ents  damaged  by  radiation.  Other  neurons  un- 
dergo  a  terminal  form  of degeneration  whereby 
the cytoplasm becomes occupied by a  single large 
vacuole (Fig.  9),  previously referred to among the 
4-day observations. 
Fixed and stained preparations  show many neurons 
with varying degrees of nuclear eccentricity and in 
various stages of chromatolysis, vacuolar degenera- 
tion,  and  necrosis  (Fig.  10).  Some  satellite  cell 
nuclei  appear  pulled  up  and  deformed;  it  is  our 
impression  that  the  number  of satellite  cells con- 
tinues to decrease at this stage. The characteristics 
of  the  chromatolytic  state  in  irradiated  neurons 
are demonstrated in Nissl-stained whole mounts of 
such  cultures  (Fig.  11).  Typical examples of cells 
with  eccentric  nuclei,  a  diSfusely staining  central 
zone, and a  peripheral  concentration of basophilic 
components  are to  be found  in  this figure.  Other 
neurons  appear  generally  normal  or  display  less 
eccentric nuclei. Comparable neurons stained with 
Sudan black exhibit a  deeply staining paranuclear 
region,  containing  various  granular  structures, 
and  a  pale  peripheral  cytoplasm.  Thus,  some 
neurons  in  these  irradiated  cultures  display  the 
light  microscopic  changes  characteristic  of  the 
chromatolytic state. 
In  the  electron microscope, abnormally  occurring 
nuclear  bodies  may  be  ring-shaped  (Fig.  12),  as 
shown  previously  in  the  living  state  (Fig.  6),  or 
V-shaped  (Fig.  5).  Their  components  are  con- 
sistently  more  dense  than  those  of the  nucleolus, 
and  appear  as  tubular  or  helical arrays  ~300  A 
or  more  in  diameter.  Such  ring  and  signet  ring 
formations were also found in rat  spinal  ganglion 
neurons after proton irradiation in vivo (5)  and in 
X-irradiated  KB  ceils  in  vitro  (15);  their  com- 
ponent  structures  appeared  more  dense  than  the 
parent  nucleoli from which  they were thought  to 
have  arisen  and  become  separated.  A  variety  of 
densely  staining  granular  inclusions,  as  well  as 
abnormal  fibrillar  structures,  appear  in  some 
neuronal  nuclei  (Fig.  13).  Among  these  atypical 
bodies are skeinlike aggregations of possibly helical 
or  chalnlike  structures  ~130-150  A  in  cross-sec- 
tion.  Tufts  of  ~90 A  filamentous  elements  occur 
near  these  bodies.  Such  configurations  have  not 
been  previously  reported  in  irradiated  neuronal 
nuclei.  Another  very  unusual,  heretofore  unre- 
ported,  nuclear  inclusion in  irradiated  neurons  is 
a  sheetlike structure  of parallel,  regularly arrayed 
~60 A  filamentous elements  ~90  A  apart,  which 
appear,  in certain planes of section, to be oriented 
at  ~30  degrees  to  one  another  (Fig.  14).  These 
nuclear  "sheets"  are reminiscent of configurations 
observed  in  salivary  gland  nuclei  of Sciara  (Dip- 
tera)  and  considered  to  be  related  to  the  DNA 
puffs present in such insect interphase nuclei (16). 
Abnormal  projections  also  are  found  on  some 
FIOUaE 4  Photomicrograph of a neuron in a living culture 4 days after irradiation, con- 
taining  a  sizeable  area  which  appears  isolated  or  walled-off  (white  arrow)  from the 
remainder of the cytoplasm. )< 650. 
FIOUEE 5  An electron micrograph of a culture 4 days after irradiation. The main neuron 
depicted contains  a  nucleus with a  heterogeneous complement of granular  and  fibrillar 
components.  Abnormal  V-shaped  (white  arrow)  and  globular  bodies  appear  near  the 
nucleolus.  Portions of the neuronal plasmalemma  are denuded  of satellite  cell covering 
(black arrows).  A  glycogen-like deposit  (gly)  appears  next  to  a  region  of  cytoplasm 
which seen~* to  be  isolated  from the  surrounding  mass  by  membranes  @1). Another 
nearly  isolated  or sequestered  region is  seen at  s2. The granular endoplasmic reticulum 
in this neuron appears  relatively normal as compared to the dilated eisternae in an ad- 
jacent neuron at the bottom of the figure.  X  Vt,500. 
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FmURE 6  A neuron containing a doughnut-like nucleolus and a nearby signet ring body (arrow). X  800. 
FIGURE 7  A  neuron  (n)  displaying the type of coarse cytoplasmic granularity  which often precedes 
irreversible cellular degexmration.  X  800. 
FIGUR:~ 8  A mononucleated neuron (nl)  undergoing extensive vacuolar degeneration is found next to 
a normal-appearing binucleate neuron (n2). Degenerating myelin may be seen nearby (arrows). X  800. 
FmuRE 9  A  degenerating neuron  (n)  containing a  single,  very large vacuole and protruding nucleus 
with an enlarged, irregular]y shaped, heterogeneous nucleolus.  X  800. 
474  T~.  JOURNAL OF  CELt, BIOLOGY " VOLUME  32, 1967 FIGURE 10  This  photomicrograph  of  a  1 #  section  of  an  Epon-embedded  culture  shows  the  entire 
thickness of an explant 8 days after irradiation. The top of the culture is at t. Three neurons display ex- 
tensive signs of vacuolar degeneration (black arrows). Other neurons near the center of the section have 
eccentric nuclei; some appear to be ehromatolytic (nl, n2). Note the degenerating fascicular elements con- 
raining pyknotic and vacuolar regions interspersed throughout (arrows with asterisk). One neuron (n3) at 
the bottom of the culture has a nucleus with several unusual densely staining inclusions. ×  600. 
nucleoli (Fig.  15).  The components of these struc- 
tures  characteristically  are  differently  organized 
from  the  attached  nucleolus,  appearing  as  mo- 
saics of ~60-90  A  elements.  Similar aggregates of 
components  have  presumably  become  detached 
and  may  be  noted  some  distance  away  from  the 
nucleolus;  these aggregates resemble the spherules 
of  70-100  A  "fibrillogranular"  components  de- 
scribed  in  some  plant  cells  (17).  One  frequently 
observes  less  dense  nucleoplasm  near  these  and 
other  abnormal nuclear formations. 
The  appearance  of  the  cytoplasm  is  varied, 
ranging  from  normal  in  a  number  of neurons  to 
total  degeneration  in  a  few  neurons.  Between 
these  two  extremes,  one  observes  many  neurons 
which  appear  normal  but  for  atypical  mito- 
chondria  (enlarged  in  girth  or  exhibiting altered 
cristae mitochondriales)  and,  less  often, moderate 
swelling  of  the  granular  endoplasmic  reticulum 
cisternae.  In the cells  showing  either  one  or  both 
of these changes there are  perinuclear concentra- 
tion  of  mitochondria  and  a  greater  peripheral 
accumulation  of  Nissl  substance;  this  is  inter- 
preted  as the electron microscopic correlate of the 
chromatolytic  state  observed  in  the  light  micro- 
scope.  At this point,  the chromatolytic reaction in 
many  cells  resembles  that  seen  in  chromatolysis 
following axon section, but after this time the pat- 
terns diverge.  This may  be  expected,  considering 
the fine structural evidence for altered nucleic acid 
and  protein  synthesis which  becomes  evident  be- 
tween  8  and  14  days  following  irradiation  (see 
Discussion).  At  8  days,  polysomal  aggregates  are 
still  present in  most  intact cells whereas in  other 
neurons  they  are  relatively  few  in  number.  In 
certain  neurons,  the  peripheral  endoplasmic 
reticulum  cisternae  lose  many  of their  ribosomes 
and become enlarged and rounded, thus creating a 
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whole mount of a culture 8 days after irradiation there 
are  neurons  which  appear  typically  chromatolytic 
(nb  n2);  they  display  eccentric  nuclei,  a  diffusely 
staining central zone,  and  a  peripheral  concentration 
of basophilic components.  Other neurons appear rela- 
tively normal (n3, m).  X  900. 
foamy appearance in these regions.  In other areas, 
an  occasional  swollen  cisterna  contains flocculent 
material  (Figs.  16,  17)  (as in reference  15).  Some 
cells contain a  wealth of pleomorphic dense bodies 
(lysosomes or residual bodies?) which contain areas 
resembling myelin figures  (Fig.  16).  Neurons  that 
display a  coarsely granular appearance in the liv- 
ing state (Fig. 7) appear in the electron microscope 
as a  mass of vesicles, myelin figures, and patches of 
dense  granules  and  stacked  lamellar  formations. 
Many  of  these  lamellar  elements  and  granular 
deposits resemble the contents of normally occur- 
ring  lysosome-like  bodies.  Other  neurons contain 
massive  bundles  of  filamentous  structures  which 
swirl  through otherwise normal-appearing regions 
of cytoplasm,  displacing most of the organelles or 
entrapping  small portions  of cytoplasm  (Fig.  16). 
These  filaments,  seen  in  longitudinal  and  cross- 
section,  measure  ~90-120  A  in diameter and are 
somewhat  branched  and  beaded.  Abnormally 
large  deposits  of  ~290-330-A  granules presumed 
to be glycogen may be present in the cytoplasm of 
some neurons (Fig.  17). 
As would  be expected  from the earlier observa- 
tions,  many  satellite  cells  appear  injured  or  ne- 
crotic  at  this  later  postirradiation  period.  Their 
remnants  may  have  vanished,  leaving  the  neu- 
ronal soma denuded, or they may appear as single 
or multiple layers of vesicles and vacuoles around 
the soma, held in place by the persisting basement 
membrane.  Proliferation  of  these  elements  in 
response  to  cell  loss  or  neuronal  injury  does  not 
take  place.  Where  satellite cell  degeneration  has 
occurred,  the  neuritic  processes,  normally  found 
FIGURES 1~-15  Electron micrographs of portions of neuronal nuclei 8 days after irradi- 
ation. 
FIGURE 12  Ring-shaped  structure  (arrow)  composed  of  densely  staining  ~90  A  ele- 
ments in apparently tubular or helical arrays of ~300  A near a  portion of  a  nucleolus 
(nu). X  30,000. 
FIGURE 13  Portion of nucleus containing: at a, a loosely aggregated structure composed 
of ~60 A fibrils and ~150 A dense granules; at b, a  meshwork of ~180-150 A possibly 
helical or chainlike elements: at c, a tuft of ~90 A filamentous structures; and at dl and 
d2, aggregates of densely staining ~1~0-150 A granular components.  X  4~,000. 
FIC~URE 14  A  sheetlike  struetm'e  of  parallel,  regularly  spaced  .~60 A  filamentous ele- 
ments  490  A apart,  arrayed in places  (arrow)  at angles of ~30 degrees to each other. 
Contained with this structure is an aggregation of  ~60 A granular components  (g).  X 
54,500. 
FmunE 15  A spherical (s)  pedunculated nucleolar (nu)  projection  containing  a  mosaic 
of ~60-90 A components. Note the paucity of nucleoplasmic constituents near this pro- 
jection. X  30,000. 
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between  neurons  and  overlying  basement  mem- 
brane or are invaginated within the neuronal peri- 
karyon  (18).  Single or grouped  neuritic  processes 
may lie deep in the cytoplasm,  sometimes close to 
the  nucleus.  The  internalized  neurites  are  sepa- 
rated  from  neuronal  cytoplasm  by  additional 
membrane--a  "mesaxon"  of  neuronal  plasma- 
lemma  which  can  be  followed  to  the  surface 
(Fig.  18).  The  over-all  integrity  of the  neuronal 
plasmalemma  and  underlying cytoplasm is main- 
tained in the denuded regions, the only noteworthy 
change  being  some  loss  of  typical  subsurface 
cisternae.  Subsurface  cisternae  may  now  instead 
be located  subjacent to internalized neurites or at 
any  point  along  the newly formed neuronal  mes- 
axon.  Internalized neuritic processes and enlarged 
processes  near  the  surface  sometimes  contain  an 
overabundance  of neurofilaments,  ~230-A micro- 
tubules,  and  a  variety  of  vesicular  elements  in- 
eluding ~860-A membrane-bounded,  dense-cored 
vesicles  similar  to  bodies  seen  normally  in  the 
neuronal  perikaryon  (12).  In addition,  such proc- 
esses often display  subsurface  cisternae,  a  feature 
indicative  of  neuronal  cytoplasm  (19).  Their 
diameter is comparable  to that  of nerve processes 
thought  to  represent  collaterals;  their  girth  is 
intermediate between that  of the slender  spinelike 
processes  arising  from  the  soma  and  that  of the 
stouter  main  exiting axons  (12).  One  convincing 
case of a  nerve process branching  from the proxi- 
mal part  of the main  axon,  conceivably collateral 
in  nature,  was  found  during  the  course  of  this 
study.  We  know  of  no  other  report  of  similar 
neuritic  internalization  or  differently  situated 
subsurface cisternae. 
14 Days after Irradiation 
Light  microscopic observations  of living  cultures 
2 wk after irradiation  reveal multifarious forms of 
neuronal  degeneration  occurring  against  a  back- 
ground  of widespread  cell  pathology.  Over  90% 
of  the  neurons  exhibit  changes;  the  binucleate 
and  a  few mononucleate neurons  still appear  nor- 
mal  in  form  and  content.  Alterations  in  the 
neurons,  including  distortion  and  reduction  in 
size,  range  from  admixtures  of  chromatolytic 
changes and  abnormal  accumulations of refractile 
granules  to severe granular  or vacuolar degenera- 
tion. Some 50% of the neurons seem  to  be under- 
going  various  forms  of  granular  degeneration; 
approximately half of these cells  display  areas  of 
cytoplasmic  sequestration.  An  additional  20-30% 
display  striking  vacuolar  formaqons  which  may 
contain large, irregular areas of cytoplasmic diges- 
tion  (Fig.  19)  or  which  aggregate  around  the 
nucleus.  Some  of these  neurons  appear  to  be  in 
the final  stages  of multivacuolar  degeneration,  as 
evidenced by the plethora  of large vacuoles sepa- 
rated  only  by  thin  cytoplasmic  trabeculae  (Fig. 
20).  Fig.  21  depicts a  vacuole-engorged neuron  as 
viewed in a  1 /~ Epon section. Satellite cells, where 
still present,  often  appear  retracted  into  the peri- 
nuclear  region  in  asymmetrical,  moundlike  con- 
formations  which  seem detached,  in  some places, 
from the neuronal  soma.  Nuclei in such cells may 
appear  distorted,  pyknotic,  or fragmented  in  1 # 
Epon sections.  Mesenchymal cells of various kinds 
are greatly reduced in number at this time. 
In the electron microscope, the degree and diversity 
of ultrastructural  change in neurons,  evident to a 
limited degree  1 wk after irradiation,  is more pro- 
nounced.  Since  individual  neurons  respond  to 
radiation  exposure in different ways and  at vary- 
ing rates,  it is not surprising  that  one cannot dis- 
cern  a  single  clear  cut  sequence  of degenerative 
changes shared by the entire neuronal population. 
Certain  major  patterns  of degeneration,  however, 
can  be  recognized.  From  the  generalized  chro- 
matolytic  response,  which  increases  in  severity 
during  the  1st  wk  following  irradiation,  some 
neurons  whose  synthetic  and  regulatory  mecha- 
FIGURE 16  An electron micrograph of portions of two neurons  8 days after irradiation. 
One (nl) displays a variety of myelin figures,  dilated granular endoplasmic reticulum cis- 
ternae  (some  of  which  contain  a  fiocculent  material),  cytolysome-like  configurations 
(white arrows), areas of beginning cytoplasmic sequestration (black arrow), and remnants 
of satellite cell degeneration (arrow-s).  The adjacent neuron (n~) is also partially denuded 
of satellite  cell cytoplasm  and  contains  a  massive  whorl  of  ~90-1~0  A  filaments  (f), 
slightly swollen  granular  endoplasmic reticulum cisternae,  and  indenting neurites  (nt). 
X  14,000. 
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large deposit of ~e90-330 A presumed glycogen granules (gly) adjacent to dilated granular endoplasmic 
reticulum cisternae, some of which contain flocculent  material. This part of the neuron shows signs of 
ribosomal disaggregation and is competely denuded of satellite cell covering (arrows).  A portion of the nu- 
cleus  (nuc) is included. )<  £5,000. 
480  'I'VE JoUl~NAL OF  CELL BIOLOGY • VOLUME  $~, 1967 FIOU•E  18  An electron micrograph of a neuron denuded of satellite cell covering and containing several 
internalized neurites  (nt)  close to the nucleus (nuc),  Associated with these neurites  are two mesaxonal 
formations (m) which can be traced to the surface of the neuron. Subsurface cisternae appear in relation 
to the neurite  (starred arrow) and not the denuded plasmalemma. Centrioles (et) may be seen in a nearby 
supporting cell. 8 days after irradiation.  X ¢3,000. 
nisms presumably have been damaged deteriorate 
along divergent routes leading to  their  eventual 
demise.  Such  cells  may  appear  either  profusely 
vacuolar or  coarsely granular,  or  contain exten- 
sive  regions  of  cytoplasmic  sequestration  and 
breakdown.  Other  neurons may  suffer  a  variety 
of  cellular  alterations  superimposed  upon  the 
chromatolytic states,  disabling the ceils but allow- 
ing them  to  survive at least  through  the  14-day 
observation period. 
Nuclear  alterations,  observed  in  most  of  the 
neurons at this stage,  include deformations of the 
nuclear  profile  (ranging from  kidney-bean con- 
formations to  extensive cytocentric rippling and 
invagination) and  nucleoplasmic disorganization 
as  represented  by  regions  lacking  the  usual 
density  of  normal  components,  especially  in 
juxtanucleolar areas.  In all but severely degenerat- 
ing neurons, the nuclear envelope remains intact, 
except for  occasional localized separations of the 
nuclear membranes accompanied by disruption of 
the  nuclear  pores.  The  apparent  structural  in- 
tegrity of the  nuclear envelope was  noted previ- 
ously by Andres (5) in dorsal root ganglion neurons 
following  proton-irradiation  in  vivo.  Nucleoli 
undergo a variety of configurational and constitu- 
tional  alterations  exemplified  by  protuberances 
which  are  composed  of  densely  staining,  reori- 
ented,  and/or  altered  granular and  filamentous 
components. Some of these  nucleolar abnormali- 
ties have been described and illustrated at earlier 
postirradiation periods.  Other  changes,  depicted 
in  Fig.  22,  involve disorganization of  the  usual 
tightly  woven  nucleolonema  of  the  primary 
nucleolar body  and  subsequent reorientation of 
its elements. This type of nucleolar configuration 
has  not  been  described  previously  in  neurons 
irradiated  in  vivo  (5).  Abnormally  occurring 
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FreEZE 19  A neuron  (n)  with a  large, irregular cytoplasmic vacuole containing granular debris  (black 
arrow). The nucleus has an enlarged heterogeneous and irregularly shaped nuc[eolus.  Note the degener- 
ating myelin in the vicinity of this neuron  (white arrows).  X  800. 
FmcaE ~0  A neuron  (n)  with a  cytoplasmic area almost completely occupied by vacuolar formations. 
Such neurons are considered to be undergoing terminal degeneration.  X  800. 
aggregates  of components,  possibly  derived  from 
the  nucleolus,  appear  scattered  throughout  the 
nucleus  and  near  the  nuclear  envelope  (Fig.  22). 
Similarly organized clusters reside just outside the 
nucleus  and  may  represent  atypical  RNP  par- 
ticles  transferred  from  the  nucleus  to  the  cyto- 
plasm. 
Alterations  in  ergastoplasm  include  a  diminu- 
tion  in  number  of  ribosomes  and  polysomes,  a 
dearth of ribosomes attached to cisternal elements, 
and  a  tendency of the remaining ribosomes not to 
be  grouped  into  polysomal  arrays.  In  some  neu- 
rons,  there is an  almost total lack of ribosomes in 
broad regions of the cytoplasm.  In these areas,  the 
cytoplasm appears  "washed-out,"  containing only 
wisps  of  filaments  and  occasional  cisternal  ele- 
ments,  mitochondria,  and  dense bodies,  sirodlar to 
areas seen in vivo (6). This is in marked contrast to 
the  areas  containing  massive  filamentous  arrays 
seen at 8  days  (Fig.  16). 
Within  the cytoplasm,  not only is the Nissl sub- 
stance disrupted,  but nearly every organelle seems 
to  undergo  some  degree  of  structural  alteration. 
Among the organelles which exhibit such changes 
are the mitochondria  whose ultrastructural  modi- 
fications are perhaps the most ubiquitous.  In addi- 
tion  to displaying  various states  of swelling,  these 
bodies may show alterations in shape and internal 
structuring.  Not  uncommonly,  one  observes 
pleomorphic  mitochondria  many  times  their 
normal  girth;  these  mitochondria,  sometimes  oc- 
curring  within  a  pool  of  glycogen  (Fig.  23), 
usually  display  an  extensive  system  of  cristae 
mitochondriales  and  a  generally  dense  matrix. 
Some large mitochondria exhibit a  striking  paral- 
lel  array  of  transversely  oriented  cristae  mito- 
chondriales.  In  addition  to  the  usual  intramito- 
chondrial  granules,  smaller  particles  (~120- 
150  A),  not  normally  seen  in  mitochondria  of 
cultured  neurons,  may  be  present  and  associated 
with  unusual  membranous  arrays  (Fig.  24). 
Similar granules have now been observed in mito- 
chondria  of a  variety  of cell  types  (20,  E.  Mug- 
naini,  personal  communication;  reviewed  in 
482  THE  JOURNAL  OF  CELL  BIOLOGY  •  VOLUME 3~,  1967 FIGtmE 21  A toluidine blue-stained 1 # Epon section of a vacuole-engorged  neuron 14 days after irradia- 
tion. The cytoplasmic trabeculae bordering these vacuoles show up clearly in this preparation. Note the 
remaining satellite cell nucleus capping the neuronal soma (arrow).  X  1,300. 
FiG~E ~  An electron micrograph of a neuron undergoing vacuolar degeneration 14 days after irradia- 
tion. The deformed nucleus contains a greatly altered nucleolus  (nu) consisting of a central core and an ex- 
tensive diffuse halo of ~90-~10 A granular components. Abnormal inclusions (a,  b) consisting of ~150 
A  (a)  and --,330  A  (b) granular elements appear in small patches both at the sites indicated and occa- 
sionally near the nuclear membrane. Granular aggregates (90-150 A) also appear in the cytoplasm  adjacent 
to the nucleus (arrows). At this level,  the neuron is typically invested by satellite cell cytoplasm, but 
abnormally indented by a satellite cell nucleus and perikaryon (sc). The collagen,  seen in cross- and longi- 
tudinal section at c, has been formed in vitro. X  8,500. FIGUnE 23  An electron mierograph of a  proximal neuronal process,  14 days after irradiation, contain- 
ing some markedly enlarged, pleomorphic mitochondria. These mitochondria occur in an abnormal de- 
posit of granules presumed to be glycogen (gly). X  25,500. 
references 21 and 22).  On the basis of ribonuclease 
digestions and radioisotopically labeled amino acid 
incorporation  and  other  tests,  these  granules  are 
considered  to  be RNA-containing  structures  akin 
to  ribosomes.  To  our  knowledge,  this  is  the  first 
report  of mitochondrial  ribosome-like particles in 
mammalian neurons following radiation exposure. 
Other mitochondria  appear  as "negative images" 
of  their  usual  appearance  (Fig.  25);  they  bear 
some  resemblance  to  the  "pseudomatrix"  forms 
discussed  by Andr~  (23).  These mitochondria  are 
usually  within  the  normal  size  range  or  smaller, 
may  be  found  partially  or  totally  collapsed,  and 
often  occur  next  to  abnormal  accumulations  of 
lipid  droplets.  In  the  more  severely  degenerated 
neurons,  many  mitochondria  are  disorganized 
internally  and  lose  both  cristae  mitochondriales 
and  matrix  (Fig.  26)  although  their  outer  mem- 
brane  generally remains intact. 
The  Golgi complex also undergoes  a  variety of 
morphological  changes,  including  extensive  dila- 
tion  of  vesicular  and  cisternal  elements.  These 
distended membranous  elements often fuse, giving 
rise  to  large,  somewhat  irregular,  membrane- 
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forms of mitochondria in neurons 14 days after irradi- 
ation. 
FIGURE ~4  A  greatly  enlarged  mitochondrion  (m) 
displaying randomly oriented cristae  mitochondriales. 
bounded  vacuoles.  Such  vacuoles  contrast  with 
those arising from granular endoplasmic reticulum 
cisternae which display some remaining ribosomes 
and  form  primarily in  peripheral  regions  of  the 
cytoplasm.  The  phenomenon  of  cytoplasmic  se- 
questration  and  digestion  is  associated  with  the 
formation  of  a  much  different  type  of  vacuole. 
Regions within the cytoplasm are "walled-off" by 
membranes which  appear  to  form,  in  many in- 
stances,  by  fusion  or  elongation  of  cisternae  of 
granular endoplasmic reticulum  (Fig.  27).  Some 
of  these  cisternae  display  ribosomes  as  usual  on 
one  side,  but  the  component  membrane  on  the 
apposing  surface  lacks ribosomes and  appears  to 
be  altered  (Fig.  28).  Often  these  regions  of  se- 
questration take the form of spiraling, arching, or 
ellipsoidal  configurations.  The  mass  of  isolated 
cytoplasm degenerates, presumably by some auto- 
digestive  process,  leaving behind  irregularly cir- 
cumscribed  vacuoles  ranging  in  size  from  1.2- 
6.5 /~. Also present are  smaller areas  (20.6 #)  of 
cytoplasmic  breakdown  in  membrane-bounded 
vacuoles (Fig. 29) which resemble the cytolysomes 
or autophagocytic vacuoles reported  by others for 
a  variety  of  pathological  conditions,  including 
irradiation (24,  25).  Mitochondria and cytoplasm 
containing scattered ribosomes as well as abnormal 
lamellated  and/or  vesicle-containing bodies  of a 
possible  lysosomal  nature  may  be  recognized  in 
these  structures.  In  addition,  some  neurons con- 
tain membrane-bounded vacuoles enclosing dense 
~290-450-A particles,  presumed  to  be glycogen, 
which seem to be forming in, or adjacent to, Golgi 
zones (Fig. 30).  Similar particles are also scattered 
throughout  the  cytoplasm.  The  significance  of 
glycogen-like particles  related  to  elements of the 
Golgi complex will be discussed below. 
Very unusual membrane-bounded structures are 
observed  sometimes  in  filament-filled,  ribosome- 
depleted cytoprasmic areas.  These  structures con- 
sist  of irregular,  thin  (30-60  A),  wavy  elements 
In the center of this mitochondrion are ribosome-like 
particles  (~1f¢0-150  A)  which  are  associated  with 
differently appearing eristae mitoehondriales (arrows). 
X  30,500. 
FIGUR~ 25  A  "negative  image"  mitochondrion  (m) 
containing  dense  branched  cristae  mitochondriales 
and a  very pale matrix. These  mitochondria may be 
found near abnormal lipid droplets (ld).  X  32,000. 
FIGUR~ 26  Mitochondria  (m)  showing extensive loss 
of  cristae  mitochondriales and matrix. Their limiting 
membranes appear generally intact. X  $2,000. 
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FIGURE 27  A portion of a  neuron displaying several areas of cytoplasmic sequestration (cs). Ribosomes 
may be seen within these areas.  X  27,500. 
FIOURE 28  Some dements  of endoplasmic reticulum  cisternae participating in  the sequestration  of a 
large portion of neuronal  cytoplasm are still dotted with  ribosomes  (black arrows),  whereas the com- 
ponent membrane on the apposing surface lacks ribosomes and appears to be altered (white arrows).  X 
30,000. 
486  Trm  JOURNAL OF  CELL  BIOLOGY • VOLUME  3~,  1967 FIGURE !~9  Cytolysomes containing recognizable mitochondria (m), and masses of cytoplasm  (c)  with 
ribosomes are  shown in this electron micrograph taken  14  days  after irradiation.  Membranous inclu- 
sions (rob) and vacuoles fill the adjacent cytoplasm.  X  27,500. 
FIOUaE 30  An electron micrograph  of  part  of  a  neuron,  14  days  after  irradiation,  containing dense 
~e90-450 A presumed glycogen granules in membrane-bounded structures near Golgi zones (Gz). Simi- 
lar particles appear scattered throughout the surrounding cytoplasm.  X  30,000. 
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which moir$ patterns may be seen  (Figs.  31  and 
32).  As  illustrated  in  these  figures,  the  moir6 
patterns may be radial, checkered, rectangular, or 
rhomboidal.  The  presence of granular,  lysosome- 
like material at the periphery of these bodies sug- 
gests that  they may represent an unusual form of 
breakdown,  perhaps  of  intracellular  proteolipid 
components.  Such  configurations have  not  been 
reported  in  irradiated  nervous  tissue  or  other 
sectioned biological material3 
Intact satellite cells are greatly reduced in num- 
ber, and abnormal or degenerating cytoplasm is in 
evidence around most surviving neurons. In some 
cases,  apparently intact satellite cell processes are 
found in relation to severely degenerated neurons. 
Neurons  devoid  of  satellite  cell  investiture  are 
covered only by residual basement membrane, In 
some  locations,  the  satellite cell  has  become  ab- 
normally separated from the neuronal soma by an 
enlargement of  the  usual  narrow  space  between 
the  apposing  plasma  membranes.  Dense,  lyso- 
some-like bodies often are  observed  in abnormal 
and  degenerating  satellite  cell  regions,  as  are 
swollen,  grossly  deformed  mitochondria  and  di- 
lated  granular  endoplasmic  reticulum  cisternae 
and Golgi dements. Numerous small vesicles may 
be found in some degenerating satellite cells con- 
taining  a  greatly  diminished  ribosomal  content. 
The  rather  widespread cytoplasmic  autolysis and 
retraction  observed  throughout  the  2-wk  post- 
irradiation  period  is  accompanied,  in  some  in- 
stances, by nuclear pyknosis and lysis. This picture 
of  progressive  satellite  cell  decimation,  with  no 
apparent replacement of degenerated elements, is 
in striking contrast to the hypertrophy of satellite 
cells observed  in retrograde  chromatolysis  (7)  of 
2 G. Oster. Personal communication. 
rat  dorsal  root  ganglion  neurons,  and  further 
points up the differences noted earlier between the 
usual  forms  of chromatolysis  and  the  course  of 
chromatolysis after X-irradiation. 
DISCUSSION 
Chromatolysis  and  Nucleoprotein  Alterations 
Chromatolytic  reactions,  the  first  major  cyto- 
logical response of neurons to X-irradiation in this 
organotypic culture system, resemble the chroma- 
tolysis  observed  in  dorsal  root  ganglion neurons 
following irradiation in vivo (6)  and in vitro (l l) 
with other types of ionizing radiations at compar- 
able  doses.  Noxious  agents  capable  of  eliciting 
similar  responses  in  the  living  animal  include 
anoxia (26), hypoxia (27), inflammation (28,  29), 
and physical injury to the neuron and its processes 
(7,  30).  In the present study,  anoxia and inflam- 
mation  are  ruled  out  as  possiblc  causes  of  the 
chromatolytic reactions, due to  the nature of the 
culturc  system  employed.  It  is  highly  unlikely, 
moreover, that an externally imposed hypoxic state 
could be considered a significant factor in the early 
chromatolydc  changes observed.  In  the later  de- 
veloping chromatolytic  states,  however,  hypoxia 
may  play  some  role  as  the  intracdlular  oxida- 
tion-reduction  potential  is  altered  (reviewed  in 
31).  Direct physical injury to  the  neuron and its 
processes is not a  factor in this irradiation study. 
On  the  other hand,  the  occurrence of chromato- 
lyric symptoms within the  same time period  that 
nuclear and nucleolar abnormalities are observed 
suggests  that  radiation disruption of nuclear and 
cytoplasmic  nucleic  acid-protein  synthetic  and 
regulatory systems may be taking place. This type 
of damage could explain both the development of 
the  chromatolytic  state  and  the  observation that 
subsequent change in  the  chromatolytic  neurons 
Fmuu~s 31-32  Electron micrographs  of  near serial sections  through a  cell believed to 
be a neuron 14 days after irradiation. 
FIGURE 31  In this section,  thin lamellar ~30-60 A elements, clustered in whorl-like and 
scalloped  arrays, appear to have radial line moir6 patterns emanating from the central 
region  of  one  complex  (a),  or  checkered  patterns in the other complex  (b). Granular 
lysosome-like material appears at tile periphery of complex a  (white arrow).  )< 84,000. 
FIGURE 82  In this section,  predominantly checkered,  rectangular, or rhomboidal moir6 
patterns appear in both complexes  (a, b). The granular lysosome-like material seen in the 
other section is also present at this  level  (white arrow).  X  34,000. 
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than repair as in retrograde chromatolysis. 
The abnormal regions of nucleoplasm observed 
in  electron  micrographs  of  these  irradiated  cul- 
tures may represent significantly  modified DNA or 
DNP complexes.  It is well known that DNA can 
be  profoundly  altered  or  degraded  by  direct 
cellular effects of X-irradiation in actively dividing 
cells  (31,  32)  and  in  nondividing cells  such  as 
mature neurons (33).  Such changes in DNA tem- 
plate  structure could  seriously  interfere with,  or 
prevent,  transcription  of  genetic  information to 
mRNA  necessary  for  normal cell  function  (and 
repair)  (31,  35).  Protective histones may also  be 
released  from  the  DNP  complexes  by  rather 
moderate radiation doses (32, 36) exposing certain 
regions of the DNA molecules to degradation by 
activated nuclear and cytoplasmic DNases (32). 
The striking abnormal assemblages  of nucleolar 
components,  such  as  the  ring-forms observed  in 
the  irradiated  neurons in  this  and  other  studies 
(5,  15), might represent certain manifestations of 
RNA-protein  complex  alterations  known  to  be 
produced  by comparable doses  (34,  37).  Altera- 
tion in ribosomal  subunits and  mRNA  destined 
for  cytoplasmic protein synthesis  may lead to the 
reduction in number of 70-80S cytoplasmic ribo- 
somes observed in the cultures several  days follow- 
ing irradiation. Conceivably ribosome  assemblage 
could be blocked by subunit modification (or non- 
availability),  disruption  of  the  precursor  45S 
ribosome complex (38,  39),  release  of nuclear or 
cytoplasmic RNases and proteases  (31),  or lower- 
ing  of  the  available  Mg ++  ion  concentration 
below  physiologically critical  levels  (40).  Turn- 
over or reutilization of ribosomal subunits within 
the cytoplasm (40) may also be adversely affected 
and  contribute  to  the  reduction  in  number  of 
70-80S  ribosomes.  The  frequently observed  dis- 
tortion  and  dilatation  of  endoplasmic reticulum 
cisternae, possibly  produced by alterations in the 
component membranes by  lysosomal  (?)  lipases, 
phospholipases,  and  proteases  (15) could  con- 
tribute  to  the  displacement  of  membrane-asso- 
ciated  ribosomes,  with  resultant  blockage  of 
related  protein  synthesis  (41).  The  markedly 
reduced  number  of  both  membrane-associated 
and  free  polysomes  in irradiated  neurons repre- 
sents a condition in which the normal spectrum of 
proteins could  not be  produced.  Considering all 
these manifestations  of altered nucleic acid-protein 
synthesis  machinery, it is not surprising that  the 
chromatolytic  course  of  irradiated  neurons  di- 
verges  from that seen in other  forms  of chroma- 
tolysis (7). 
Vacuole Formation 
Abnormal  dilation  of  cisternal  elements  of 
granular endoplasmic reticulum in the irradiated 
neurons leads  to  the  formation of large vacuoles 
which  may  impart  a  foamy  appearance  to  pe- 
ripheral regions of the cytoplasm. Structural com- 
ponents of  the  Golgi  complex  also  may  exhibit 
extensive dilatation in both the neurons and sup- 
porting ceils (satellite and Schwann cells).  Similar 
changes  in  the  Golgi complex  and  endoplasmic 
reticulum have been reported in peripheral nerv- 
ous  system  neurons after  irradiation in vivo  (6). 
Vacuoles  which  apparendy  do  not  arise  from 
either  endoplasmic reticulum or  Golgi  elements 
may  form  from  other  radiation-damaged  cyto- 
plasmic  organelles,  such  as  mitochondria.  Addi- 
tional membrane-bounded vacuoles may form de 
novo in degenerating cytoplasm  (25).  All of the 
aforementioned vacuolar formations are probably 
linked to  metabolic and membrane permeability 
(42)  changes, and associated  osmotic  changes in- 
volving abnormal translocation of intracellular as 
well  as  extracellular  ions,  macromolecules,  and 
fluids.  It is known that  a  variety of pathological 
conditions may cause the formation of vacuoles in 
dorsal root ganglion cells (43).  In many cases, the 
presence of extensive vacuolar formations in vitro 
(44)  and in vivo  (6)  is  a  sign of the  impending 
demise of the neuron (but see also  Orr  [45J). 
Cytoplasmic Sequestration, 
Cytolysomes, Lysosomes 
The  phenomenon of cytoplasmic  sequestration 
and digestion (25) is associated  with the formation 
of still another class of cytoplasmic vacuoles.  In the 
case  of irradiated cultured neurons, large regions 
of cytoplasm may be walled-off from  the  rest  of 
the cell by what appears to be arching or spiraling 
granular endoplasmic reticulum cisternae.  Some- 
what similar, but less extensive areas of cytoplasmic 
isolation and  breakdown have  been observed in 
spinal  ganglion neurons  irradiated  in  vivo  (6), 
and recently were  reported  in cultured KB  cells 
following  1,300 R  of X-irradiation in vitro  (15). 
In  KB  cells,  the  sequestered  cytoplasm is  even- 
tually  broken  down,  presumably  through  1yso- 
somal  enzyme  activity  associated  with  the  en- 
veloping endoplasmic reticulum cisternae. A simi- 
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place  in  the  irradiated  cultured  neurons.  Also 
present are other membrane-bounded portions of 
cytoplasm  resembling  autodigestive  vacuoles  or 
cytolysomes  (46);  similar  structures  have  been 
found  in  proton-irradiated spinal ganglion neu- 
rons in vivo (6).  Dense, heterogeneous granular, 
vesicular  or  lamellar  structures,  i.e.,  residual 
bodies or myelin figures,  as well  as vacuoles,  are 
often found in proximity to cytolysomes  within the 
irradiated cultured neurons. Myelin figures  have 
also been observed in the ganglion cultures follow- 
ing  the  administration  of  chlorpromazine  (47). 
The presence of "toxic"  regions within the cyto- 
plasm of these cells and in a variety of other cells 
in vivo exposed  to noxious agents (6, reviewed in 
25,  48)  may  provide  a  stimulus  for  autolytic 
activity.  Presumably,  the  breakdown  products 
from these digestive vacuoles may be reutilized by 
the cell and, indeed, this reutilization may be an 
important activity in cells  in which  protein and 
carbohydrate  synthesis  and  regulation  are  seri- 
ously disrupted  (25,  46).  Such  autolytic activity 
may contribute to  the  over-all reduction in cell 
volume noted in the cultured neurons studied by 
us and by Quastel and Pomerat (11). 
Other forms of autolytic activity associated  with 
lysosomal  enzymes,  which  do  not  occur  within 
membrane-bounded regions  of  cytoplasm,  may 
account for  additional cellular breakdown.  This 
type of activity is known to take place soon  after 
radiation exposure; several  investigators have re- 
ported that the permeability of the lysosomal mem- 
brane  may  be  affected  either  directly  (49)  or 
indirectly (50)  following irradiation, resulting in 
the  leakage  of some  of the  acid  hydrolases into 
the surrounding milieu. We, as well as Pick (51), 
and others (15, 49, 52) have observed, at both the 
light and electron microscopic levels,  what prob- 
ably corresponds to such lysosomal activity within 
the first few days after irradiation. 
Mitochondrial Changes 
In  the  present  study,  mitochondria display  a 
variety of alterations in size,  shape,  and internal 
structuring.  Andres  (6)  observed  mitochondria 
with ruptured cristae mitochondriales and  vacu- 
oles, as well as extensive loss of matrix elements, in 
degenerating neurons following proton irradiation 
in vivo.  Such alterations are probably associated 
with significant disturbances in their protein syn- 
thetic and energy-yielding enzymatic systems  (5). 
Reorientation or breakdown of the inner limiting 
membranes and  cristae  mitochondriales (53),  as 
well  as  changes in  the  form  and  distribution of 
matrix elements (54),  may lead to uncoupling of 
oxidative phosphorylation  (32,  55),  reduction in 
ATP synthesis  (55),  and  severe  derangements in 
the Krebs' citric acid cycle and fatty acid oxidation 
cycle enzyme systems (32, 55). Various sites along 
respiratory  chain  assemblies  may  also  be  dele- 
teriously effected  (reviewed  in 55).  What  might 
appear, however, as a direct effect of X-irradiation 
on  processes  such  as  energy coupling along  the 
respiratory chain (i.e.,  reduction in ADP or ATP 
content) could be brought about by such ancillary 
cellular effects of radiation exposure as the release 
and activation of nuclear and cytoplasmic phos- 
phatases (32, 51). While the inner membrane and 
cristae  mitochondriales  systems  appear  fairly 
sensitive,  the  outer  limiting membrane  appears 
unaltered  until  later  stages  of  chondriome  de- 
generation.  Some  molecular  alterations  may  be 
produced directly or indirectly in this outer mem- 
brane  (as  well  as  other  cellular membranes)  by 
the initial X-ray exposure  (56),  but  these  altera- 
tions  are  either  subsequently  repaired,  or  are 
minor in comparison to changes in the structural 
integrity  of  the  contained  mltochondrial  as- 
semblies. 
Abnormal Glycogen  and Lipid Deposits 
The occurrence of abnormal glycogen and lipid 
deposits  in  proximity  to  certain  of  the  altered 
mitochondria  strongly  suggests  a  (biochemical) 
tie between the two phenomena (57). The associa- 
tion  of  large,  pleomorphic  mitochondria  with 
copious accumulations of glycogen granules may 
indicate  a  situation  in  which  oxidative  phos- 
phorylation has become elevated locally (as  sug- 
gested  by  the  large  size,  abundant cristae  and 
matrix,  and  over-all  structural  integrity  of  the 
mitochondria in those  regions), resulting in an in- 
crease  in  the  supply  of  high  energy  phosphate 
needed for glycogen synthesis.  This, coupled with 
an  abnormal stimulation of the  UDPG-glycogen 
transferase~lycogen  synthetase  systems,  and 
depressed  phosphorylase activity (58),  could lead 
to  a  local buildup of such  atypical glycogen de- 
posits.  Stimulation of UDPG-glycogen transferase 
activity might be brought about by an increased 
availability of glucose due to the local catabolism 
of  structural  proteins  to  amino  acids  which,  in 
turn,  could  be  utilized  in  gluconeogenesis  (re- 
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Andres  (6)  in  his  studies  of radiation  effects  on 
rat  spinal  ganglion  neurons  in  vivo,  but  he  may 
have  inadvertently  missed  them  because  he  did 
not employ lead staining. 
Recent  electron  microscopic  studies  of  ultra- 
violet-  and  X-irradiated  KB  ceils  in  vitro  (15) 
revealed that abnormal glycogen granules may be 
found in close proximity to endoplasmic reticulum 
cisternae.  Presumed  glycogen  granules,  in  what 
appear to be vacuoles of a Golgi complex within an 
irradiated  neuron,  might  well  represent  further 
stages in glycogen synthesis along the endoplasmic 
reticulum-Golgi  system  which  recent  radioauto- 
graphic  studies  (60)  have shown to be a  route for 
the  incorporation  of  glucose  into  glycogen  and 
other  polysaccharides.  In  over-all  view,  the  ap- 
parent  ubiquity  of  abnormal  glycogen  deposits 
tollowing irradiation  (57-59,  61,  62)  points to the 
notable  radiosensitivity  of the  glycogen  synthetic 
and regulatory systems in nervous tissue. 
The occurrence of abnormal juxtamitochondrial 
lipid droplets, in some instances almost completely 
surrounded  by atypical  mitochondria,  is reminis- 
cent of similar lipid-mitochondria relationships in 
pancreatic  acinar  cells of fasted  animals  (cited in 
55).  The proximity of such mitochondria  to these 
lipid deposits may designate  a  need for  the mito- 
chondria  to be close to a  source of lipid substrate, 
or  signify alterations  in  enzyme-substrate  systems 
of such  mitochondria  involved  in  the  fatty  acid 
oxidation cycle (55).  The lipid droplets may have 
been formed by degradation  of cytoplasmic mem- 
brane  lipid  through  the  action  of lysosomal  en- 
zymes  (15),  or  might  be  the  consequence  of  a 
lowered  intracellular  oxidation-reduction  poten- 
tial (hypoxic state)  which interferes with oxidative 
processes  associated  with  lipid  utilization  (55). 
Abnormal  lipid  droplets  have  also  been  observed 
in dorsal root ganglion neurons  following irradia- 
tion in vivo (1,  6).  Andres  (6)  speculated  that  an 
extraneuronal hypoxic state may have caused their 
formation because of their proximity to radiation- 
damaged  vascular  tissue.  Our  in  vitro  findings 
indicate that  the vascular  supply  need not be in- 
volved in  this radiation  abnormality. 
Consequences  of Satellite Cell Loss 
The loss of satellite ceils during the first few days 
following  irradiation  leaves  large  regions  of  the 
neuronal  soma  without  their  normally  complete 
ensheathment.  During  the  14-day  observation 
period,  nearly denuded  neurons  do not appear  to 
respond  differently  to  irradiation  than  do  those 
neurons  retaining  a  substantial  satellite  cell  in- 
vestment.  From  studies  by  Nicholls  and  Kuffler 
(63), it is known that neurons of the leech ganglion 
may  continue  to  function  normally  for  several 
hours  after  mechanical  removal  of adjacent  glial 
cell cytoplasm.  Their  observations  indicated  that 
ongoing  electrophysiological  activity  is  not  criti- 
cally  dependent  upon  the  presence  of an  intact 
satellite cell,  at least  for  a  short  time.  These  and 
the  present  observations  suggest  that  neuron  de- 
pendence  on  the  satellite cell is on  a  longer  time 
basis,  i.e.,  perhaps  a  period  of weeks rather  than 
hours  or  days.  The  fact  that  some  dependence 
does exist is suggested by the in vitro observations 
of Peterson  and  Murray  (44)  and  Shimizu  (64); 
they  observed  that  dorsal  root  ganglion  neurons 
survive longer in vitro if a  normal satellite cell in- 
vestment  is  present.  This  may  be  related  to  the 
postulated  function  of  controlling  the  traffic  of 
materials  to  the  neuron  (65).  In  mammalian 
central nervous tissue  (which may differ from the 
peripheral  system),  a  more  immediate  metabolic 
dependency  between  perineuronal  oligodendro- 
cytes and neurons  has been indicated  (66). 
Distinctive  morphological  changes  are  asso- 
ciated with surface areas denuded of their satellite 
cell  investment.  They  are  (a)  internalization  of 
neurites  into  the  neuronal  soma  (in  contrast  to 
their usual position within satellite cell cytoplasm) 
and  (b)  disappearance  of subsurface  cisternae.  It 
has  been  suggested  that  subsurface  cisternae  are 
concerned  with  flux  of  materials  which  are 
involved in the general metabolism  of the  neuron 
(19).  If this  concept  is  valid,  then  their  notable 
diminution could result in substantial  alteration in 
the  passage  of substances  into  the neuron.  It has 
also been  suggested  that  subsurface  cisternae may 
influence the bioelectric properties of the neuronal 
soma  (19).  If true,  one  might  expect  that  some 
electrophysiological  properties  of  the  irradiated 
neuron  may  be  affected  by  a  change  in  cisterna 
number or location. It is not known whether the in- 
ternalization  of neurites  may  have  similar conse- 
quences,  for  they have not been  seen  to establish 
typical  specialized  contacts  (e.g.,  synapses)  with 
the neuronal soma. 
Direct vs. Indirect Effects 
The  spectrum  of cytological  changes  observed 
in  this  study  of radiation  effects  on  organotypic 
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vorced  entirely  from  host-associated  vascular  or 
humoral influences, provides for the first time the 
necessary  basis  for  evaluating  the  "direct"  cyto- 
logical  effects  of  ionizing  radiation  on  similar 
elements of the peripheral nervous system in vivo. 
The critical need for such information was pointed 
out by Andres  (6)  while interpreting his electron 
microscopic  observations  of  radiation  effects  on 
dorsal root ganglia in vivo: "Not to be ruled out is 
the  possibility  that  the  initial  chromatolytic 
changes  following  irradiation..,  are  brought 
about  by  vascular  pathology,  the  morphological 
aspects  of which  have  not  as  yet  become  mani- 
fested.  In  the  course  of  severe,  acute  radiation 
pathobiosis  the  large  extent  of  vessel  damage 
must  certainly  have  an  effect  upon  the  state  of 
health of the ganglion cells and,  therefore,  on the 
form  of the  chromatolytic  reaction.  But  also  the 
perikaryon changes considered associated with the 
vascular  pathology  could  also  be,  in  large  part, 
of  an  endogenous  nature.  Unfortunately,  up  to 
the present time (1963) there are not available any 
electron  microscopic  investigations on  the  effects 
of vessel damage on the structure of nerve cells. ''3 
Several investigators (49,  57,  61)  have attempted 
to  circumvent irradiation  effects  on  the  vascular 
supply  in  the  central  nervous  system  by  high- 
energy particle microbeam irradiation techniques. 
These efforts have minimized, but not completely 
eliminated,  vascular  and  other  host-associated 
effects  (49)  on  the  response  of  the  irradiated 
nervous  tissue  elements.  In our culture system,  it 
can  be  unequivocally  shown  that  some  of  the 
initial as well as advanced chromatolytic reactions, 
and many of the nuclear  abnormalities,  ribosome 
and endoplasmic reticulum alterations,  and mito- 
chondrial  and  Golgi  complex  changes  noted  by 
Andres  (6)  and  others  (1,  8)  in  vivo,  may  be 
caused by radiation effects upon the neurons and 
supporting ceils per se.  The additional features we 
have  observed  in  these  cells  include  unusual 
nuclear formations, greatly enlarged mitochondria 
containing ribosome-like  granules, atypical glyco- 
gen  deposits,  massive  cytoplasmic  sequestration 
8 Our translation from German. 
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spicuously  more  radioresistant  than  satellite  or 
Schwann  cells.  Ultrastructural  changes  became 
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